Abstract. The present study aimed to investigate the effect of combined treatment with quercetin and Adriamycin (doxorubicin) on the development of refractory acute leukemia. Primary leukemic cells were isolated from patients with refractory drug-resistant acute leukemia. The Cell Counting Kit-8 assay was used to detect the proliferation of cells treated with a range of doses of Adriamycin, quercetin and a combination of the two drugs. Non-irradiated mice were used to establish a T cell acute lymphoblastic leukemia (T-ALL) model, which was subsequently treated with Adriamycin, quercetin and a combination of the two drugs. The survival time was recorded, and white and red blood cells and platelets in mouse peripheral blood were counted. Superoxide dismutase (SOD) activity and malondialdehyde (MDA) content of cardiac tissues were measured as indicators of oxidative stress and damage. Proliferation of primary leukemic cells was reduced by Adriamycin depending on the dose (0.06, 0.6 or 6 µg/ml) and treatment duration (24, 48 or 72 h) compared with the vehicle treated group. Co-treatment with quercetin achieved a similar suppression of leukemic cell proliferation when a lower dose of Adriamycin (0.03, 0.3 or 3 µg/ml) was administered for the same duration. The survival of non-irradiated mice with T-ALL was improved by co-treatment with a high dose of Adriamycin and quercetin compared with either treatment alone. Compared with treatment with Adriamycin alone, the combined treatment with Adriamycin and quercetin significantly enhanced the SOD activity and reduced the MDA content in the heart. Therefore, quercetin may enhance the effects of Adriamycin on refractory acute leukemia.
Introduction
Acute leukemia (AL) is a malignant clonogenic disease that results from the uncontrolled proliferation of abnormal hematopoietic stem cells. Based on the types of cells affected, AL can be divided into two categories: Acute myelocytic leukemia and acute lymphoblastic leukemia (ALL) (1) . Treatments for AL include single-drug chemotherapy, molecular targeting therapy, hematopoietic stem cell transplantation and cellular immunotherapy. Chemotherapy is currently the main treatment strategy due to limited sources of donor bone marrow, high cost and severe complications associated with transplantation; however, a considerable number of patients exhibit no remission or early recurrence after chemotherapy, which may be caused by drug resistance, minimal residual disease after remission and persistence of leukemic stem cells (2, 3) .
Anthracycline-type drugs, such as Adriamycin (also termed doxorubicin), are frequently used for AL chemotherapy. Adriamycin kills leukemic cells by inhibiting DNA replication and RNA transcription. The dose of anthracyclines correlates with its efficiency in the clearance of leukemic cells, but increases in the dose are also associated with elevated toxic side effects (4, 5) . The heart is a major organ affected by the side effects of anthracycline drugs, including acute heart failure, congestive cardiomyopathy and occult ventricular dysfunction (6, 7) . In addition, the efficacy of the drug is also restricted by the development of drug resistance in leukemic cells (8) . Therefore, it is crucial to develop a novel strategy
Combination of quercetin and Adriamycin effectively suppresses the growth of refractory acute leukemia
for treating AL to bypass the resistance of leukemic cells to anthracycline-type drugs and limit the side effects. Quercetin is a plant flavonol derived from the flavonoid group of polyphenols; it is found in a number of fruits, vegetables, leaves and grains (9) . it is commonly used as an ingredient of dietary supplements, beverages and foods. it is a potential anti-oxidant capable of modulating the activity of various cellular enzymes (10, 11) . quercetin has an anti-tumor effect on a variety of tumor cells, including leukemia, lymphoma, colon, ovarian, cervical, prostate and breast cancer cells (12) (13) (14) (15) (16) . however, whether quercetin is able to modify the therapeutic efficacy of anthracycline-type drugs (such as Adriamycin) for leukemia is yet to be determined.
The present study explored the combined AL treatment with quercetin and Adriamycin, and the results suggested that quercetin and Adriamycin may be used in combination to treat malignant hematopathy.
Materials and methods
Clinical samples. The study recruited 20 patients with refractory, Adriamycin-resistant acute leukemia (17) (excluding acute promyelocyte leukemia) treated at the Department of hematology of the Affiliated hospital of inner Mongolia Medical university (hohhot, China) between November 2015 and December 2016 (Table i) . The inclusion criteria were: i) Patients treated with two courses of induction chemotherapy; ii) patients with recurrence 6-12 months following complete response (CR) or patients with ineffective re-treatment using a standard chemotherapy regimen; and iii) patients with two or more recurrences. Patients who met any one of the aforementioned criteria were determined to be cases of refractory AL. A 5-ml vacuum heparin sodium tube was used to collect peripheral blood from the patients. This study was approved by the Ethics Committee of the Affiliated Hospital of Inner Mongolia Medical university. All patients signed the informed consent form. . ficoll lymphocyte separation solution (Tianjin hao Yang Biological Products Technology Co., Ltd, Tianjin, China) was used to separate lymphocytes in the peripheral blood of patients, cell density was adjusted and 5x10 4 cells/well were placed in a 96-well cell culture plate. The maximum drug concentrations of Adriamycin (Shenzhen wanle Pharmaceutical Co., Ltd., Shenzhen, China) and quercetin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) were set as 6 and 75.5 µg/ml, respectively, based on a preliminary experiment (data not shown). The samples were separated into one negative control group (Con) and six experimental groups (6 wells/group). Three experimental groups were treated with 0.06, 0.6 or 6 µg/ml Adriamycin, and three groups were treated with 0.03, 0.3 or 3 µg/ml Adriamycin combined with 75.5 µg/ml quercetin, based on a preliminary experiment (data not shown). The cells were incubated at 37˚C with saturated humidity and 5% CO 2 . At 24, 48 and 72 h, 20 µl of CCK-8 solution (lot no. JM754; Dojindo Molecular Technologies, inc., Kumamoto, Japan) was added to each well. Cells were incubated for an additional 4 h at 37˚C, and the optical density (OD) of each well at 450 nm was detected using (18) . Briefly, the mice were sacrificed, disinfected with ethanol and the spleens and the femurs of the mice were removed. The bone marrow cells were repeatedly flushed out using a 1-ml syringe, and the spleen cells were sieved by grinding. finally, the cells were collected by centrifugation and stored frozen. Green fluorescent protein (GFP) + CD45.1 + leukemic cells were isolated from either the spleen or the bone marrow of mice with B6.SJL leukemia and transplanted by tail vein injection into C57BL/6 J female mice (1x10 6 cells/mouse) without irradiation. Successful transplantation was confirmed by flow cytometry, as previously described (19) . The mice were randomly divided into four groups (n=7 mice/group): untreated, quercetin, Adriamycin or Adriamycin combined with quercetin. for the low-dose Adriamycin experiments, the mice were intraperitoneally (i.p.) administered 0.9% saline, 50 mg/kg quercetin, 1 mg/kg Adriamycin, or 1 mg/kg Adriamycin + 50 mg/kg quercetin, respectively, daily for 10 days, starting at day 4 post-transplantation. for the high-dose Adriamycin experiments, the mice were i.p. administered 0.9% saline, 50 mg/kg quercetin, 2 mg/kg Adriamycin or 2 mg/kg Adriamycin + 50 mg/kg quercetin, respectively, daily for 10 days, starting at 4 days after transplantation. The survival duration of each group was recorded. Additionally, peripheral blood was collected from the tail in EDTA-modified tubes on days 4 (first day of dosing), 7 (starting point of leukemic accumulation in untreated mice), 11 (first death in untreated mice), 16 (end of dosing), 23 (negligible drug levels, based on the half-life of Adriamycin) and 31 (end of study) following transplantation, and blood cells and platelets were counted using an xN2000 blood cell analyzer (Sysmex Corporation, Kobe, Japan).
Cell Counting

Determination of superoxide dismutase (SOD) activity and malondialdehyde (MDA)content in the mouse heart.
Non-irradiated T-ALL mice were administered the allocated treatment daily for 10 days, starting 4 days following transplantation. On day 31 post-transplantation, the mice were sacrificed and heart tissue was collected. Following homogenization and dilution with nine times the volume of saline, the tissue samples were centrifuged at 800 x g for 5 min and supernatant was collected. SOD activity and MDA content in the homogenate were measured using a SOD Activity Detection kit (lot no. A064; Nanjing Jiancheng Bioengineering institute, Nanjing, China) and an MDA Detection kit (lot no. A003-2; Nanjing Jiancheng Bioengineering institute), respectively.
Statistical analysis. Statistical analysis was performed using SPSS 17.0 (SPSS, inc., Chicago, iL, uSA). Data were expressed as the mean ± standard deviation of at least three independent tests. for cell culture data, the comparison among groups was performed using the wilcoxon rank-sum test, and α was adjusted according to the number of comparisons (α'=α/number of comparisons). Analysis of variance with the Student-Newman-Keuls test was used to analyze the differences among the groups in mouse experiments. Survival curves were compared using Kaplan-Meier and log-rank (Mantel-Cox) test, and α was adjusted according to the number of comparisons (α'=α/number of comparisons). P<0.05 was considered to indicate a statistically significant difference.
Results
Quercetin enhances the cytotoxicity of Adriamycin to leukemic cells from patients.
A number of available leukemic cell lines have been selected based on pre-existing intrinsic features that are favorable to the establishment of in vitro culture, which may influence drug resistance and survival (20) . Therefore, primary leukemic cells directly isolated from the peripheral blood of patients with drug resistance were used in the present study to represent the actual conditions observed in the clinical setting. Primary leukemic cells were treated with a series of concentrations of Adriamycin or quercetin. The results demonstrated that the inhibition rate of Adriamycin at 6 µg/ml was close to 50% (iC 50 , 5.6 µg/ml; fig. 1A ). Treatment with 75.5 µg/ml or 151 µg/ml quercetin did not affect cell proliferation ( fig. 1B) . Regarding the concentration of the quercetin solution that could interfere with the measurement of cell viability, 75.5 µg/ml was chosen for the following experiments, as derived from fig. 1 .
A gradient dose of Adriamycin was combined with quercetin to investigate whether quercetin enhanced the cytotoxic effect of Adriamycin. The results revealed that Adriamycin efficiently suppressed the proliferation of primary leukemic cells (fig. 2) ; this effect depended on treatment duration (24, 48 or 72 h) and dose (0.06, 0.6 or 6 µg/ml). Longer treatment and higher drug dose suppressed cell growth more efficiently. when half doses of Adriamycin (0.03, 0.3 or 3 µg/ml) were co-administered with quercetin (75.5 µg/ml), the treatment resulted in similar suppression of cell growth ( fig. 2) , which indicated that quercetin may increase the sensitivity of leukemic cells to Adriamycin. Adriamycin alone, quercetin alone or low-dose Adriamycin combined with quercetin did not significantly alter the survival duration of mice with T-ALL ( fig. 3A) . Administration of high-dose Adriamycin alone reduced the median survival time to 14 days, although administering high-dose Adriamycin combined with quercetin (median survival time 51 days) markedly extended the survival of mice with T-ALL compared with untreated mice (P<0.05; fig. 3B ). The mice in the low-dose Adriamycin group exhibited a longer survival time compared with the Adriamycin + quercetin group, but the difference was not significant (Fig. 3A) . Peripheral blood from T-ALL model mice was analyzed to determine the mechanism of enhanced survival with high-dose Adriamycin + quercetin combination treatment. The analysis revealed that the numbers of white blood cells (wBCs) and red blood cells (RBCs) were altered by drug treatment following transplantation, as determined by flow cytometry. There were no differences in the changes in blood cells at 4 days among the groups, with the exception of an increase in RBCs in the Adriamycin + quercetin group compared with the untreated group. The number of WBCs in peripheral blood was significantly reduced in the Adriamycin and Adriamycin + quercetin groups compared with the untreated group on days 7, 11, and 16 following transplantation (P<0.01 and P<0.001); however, no differences were observed at 23 and 31 days ( fig. 4A ). Quercetin alone did not significantly change the number of wBCs compared with the untreated group ( fig. 4A ). The RBC count indicated that Adriamycin significantly (P<0.01) reduced the number of RBCs at an earlier stage (before day 23) following transplantation compared with the untreated group (Fig. 4B) . Platelets (PLTs) began to decrease significantly in the untreated and quercetin-alone groups from day 11 after transplantation, whereas Adriamycin and Adriamycin + quercetin co-treatment restored this reduction to the level comparable to healthy C57BL/6 mice (normal group) ( fig. 4C ), which indicated that Adriamycin may alleviate leukemia by preventing the dramatic decrease in the number of PLTs.
Quercetin and high-dose
Quercetin attenuates Adriamycin-induced oxidative stress in the heart. Several toxic side effects of Adriamycin have been reported, including the induction of oxidative injury in the heart, which is monitored based on SOD activity and MDA content (4, 21) . in the present study, quercetin was demonstrated to be beneficial in reducing the side effects of Adriamycin; in cardiac tissues of mice, SOD activity in the Adriamycin (low dose or high dose) + quercetin combination treatment group was higher compared with the respective Adriamycin-alone (low dose or high dose) group (fig. 5A ). MDA content in the Adriamycin (low dose or high dose) + quercetin combination treatment group was lower compared with the Adriamycin-alone (low dose or high dose) group ( fig. 5B ). higher SOD activity and lower MDA content indicated enhanced anti-oxidant capacity and reduced oxidative damage, respectively. Thus, the results suggested that quercetin may reduce the cardiac toxicity of Adriamycin by reducing oxidative injury to cardiac tissue. figure 2. quercetin increases the sensitivity of primary leukemic cells to Adriamycin. Primary leukemic cells isolated from patients with Adriamycin-resistant acute leukemia were treated with different concentrations of Adriamycin with or without quercetin for 24, 48, or 72 h. The Cell Counting Kit-8 assay was conducted to detect cell proliferation, and the rate of proliferation inhibition was calculated accordingly. A, Adriamycin; q, quercetin. figure 1. Adriamycin and quercetin suppress leukemia cell growth. (A and B) Primary leukemia cells isolated from patients with Adriamycin-resistant acute leukemia were treated with gradient concentrations of (A) Adriamycin or (B) quercetin for 72 h. Cell proliferation was detected using the Cell Counting Kit-8 assay, and the proliferation inhibition rate was calculated accordingly. 
Discussion
Leukemia is a severe malignancy of the hematopoietic system. AL displays rapid progression and high mortality (1, 5) . Chemotherapy is currently the main strategy for treating AL (22) . Adriamycin is a commonly used anthracycline-type chemotherapy drug that has toxic side effects when a high dose is administered (4) . in addition, drug resistance to Adriamycin in cancer cells is widely reported, limiting the effectiveness of chemotherapy (6, 7) . Originally developed as a food supplement, quercetin has been reported to exert an anti-tumor effect on a variety of cancers, including leukemia, lymphoma, colon, ovarian, cervical, prostate and breast cancer (23, 24) . in addition, quercetin protects the cardiovascular system from damage during aging or disease (25) . A previous study has demonstrated that quercetin inhibits the proliferation of P388 leukemic cells (12) . The aim of the present study was to investigate the anti-leukemic effect of quercetin on cultured leukemic cells and a mouse model of leukemia, with a particular focus on enhancing the therapeutic effect of Adriamycin and reducing its side effects.
The present study used primary leukemic cells isolated from patients with AL exhibiting drug resistance to determine the effect of drug treatment. The results demonstrated that quercetin, Adriamycin and their combination inhibited the proliferation of primary leukemic cells; the suppression depended on the concentration and duration of drug treatment. Notably, when quercetin was co-administered, a two-fold lower dose of Adriamycin was required to achieve a similar growth-inhibitory effect on leukemic cells to that of Adriamycin alone. This result indicated that quercetin may enhance the inhibitory activity of Adriamycin.
The enhancing effect of quercetin on Adriamycin was also indicated in a mouse model of leukemia. Most animal models of leukemia are generated in immunodeficient mice; for example, mice in which the immune system has been destroyed by irradiation (26, 27) . however, these models do not reflect immune alteration, which is crucial in patients during tumorigenesis or drug response. Therefore, the present study was conducted in a non-irradiated, immunocompetent mouse model.
NOTCh1 is a type i transmembrane receptor involved in signal transduction; activation of the NOTCh1 signaling pathway is present in >50% of patients with T-ALL (18) . in agreement with this clinical observation, the transplantation of hematopoietic leukemic cells harboring mutant Notch1 effectively induces T-ALL in recipient mice (18) . Taking advantage of this model, the present study explored the therapeutic effect of Adriamycin and quercetin. Of note, based on the Kaplan-Meier survival curves, low-dose Adriamycin treatment was more effective in extending mouse survival time compared with high-dose Adriamycin treatment, which was contrary to the results obtained from primary leukemic cells and indicated that in vitro experiments cannot replace the biological complexity of a whole organism for the study of diseases. in addition, high-dose Adriamycin combined with quercetin effectively inhibited leukemia development, reflected by the extended survival. This was consistent with the result observed in primary leukemic cells that quercetin enhanced the treatment effect of Adriamycin.
The anti-leukemic effect of Adriamycin was dose-dependent. however, with the increase in the dose of Adriamycin, its toxic side effects became more severe. The most severe side effect is cardiac injury (7, 28) . A previous study has found that administering Adriamycin to BALB/c nude mice transplanted with the leukemic cell line P388 causes cardiac injury, which is alleviated following co-treatment with Adriamycin and quercetin (12) . The mechanism underlying the cardiac toxicity of Adriamycin may be oxidative damage to cardiomyocytes, which is associated with various types of heart injury (24, 28) . SOD scavenges superoxide radicals in cells to protect them from damage. MDA is the product of lipid peroxidation in the cell membrane, which is a marker for oxidative damage in cells (12) . The present study demonstrated that quercetin increased SOD activity and decreased MDA content in the hearts of non-irradiated mice with T-ALL, which indicated that quercetin may reduce the cardiac toxicity of Adriamycin by attenuating oxidative stress, thus promoting the survival of mice with leukemia under high-dose Adriamycin treatment.
in conclusion, high-dose Adriamycin effectively inhibited the proliferation of leukemic cells, but the toxic side effects of high-dose Adriamycin limited the efficacy of the drug in mice with T-ALL. Quercetin was beneficial for both cultured primary leukemic cells and mice with T-ALL treated with Adriamycin by enhancing the pharmacological effect of Adriamycin and/or restricting oxidative damage to the heart. These results shed light on the development of a novel strategy for treating AL. To further clarify the molecular mechanism of quercetin and Adriamycin co-treatment in the suppression of growth in refractory acute leukemia, transcriptome sequencing is planned for future experimental studies. the manuscript. YS, hD and Yh revised the manuscript. All authors reviewed the results and approved the final version of the manuscript.
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